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In the design of flexural strength, the strength reduction factor ¢ decreases from tension-
-controlled sections to compression-controlled sections to increase safety with decreasing
ductility. This paper presents how to determine the reduction factor for flexural strength
of reinforced concrete beams according to ACI code. In the reliability-based design, the
reliable prediction of the flexural strength of reinforced concrete members is assured by the
use of reduction factors corresponding to different target reliability index (. In this study,
for different § and coefficients of variation of the flexural strength parameters, the flexural
strength reduction factor has been investigated by using experimental studies available in
the literature. In the reliability analysis part of the study, the first-order second moment
approach (FOSM) has been used to determine the reduction factor. It has also been assumed
that the random variables are statistically independent.

Keywords: reinforced concrete, beam, flexure strength, reduction factor, target reliability

1. Introduction

In the design of flexural strength, tension-controlled sections are desirable for their ductile be-
havior for giving sufficient warning prior to failure. Hence, reinforced concrete (RC) elements
are designed to behave in a ductile manner, whenever possible. This behavior can be ensured
by limiting the amount of reinforcement such that tension reinforcement yields prior to concrete
crushing. In ACI 318 codes (1995, 1999, 2002, 2005, 2008, 2011, 2014), a lower strength reduction
(¢) factor is used for compression-controlled sections compared to the one for tension-controlled
sections because the compression-controlled sections are less ductile. Naaman (2004) noted that
changes made from the ACI 318 (1999) to the ACI 318 (2002) codes relocated the limits for
tension and compression controlled sections and added a transition region between the two. The
flaw lies in this definition for these regional boundaries.

In the codes, it is intended to provide the target failure probability by means of safety fac-
tors that are load factors and strength reduction factors (Arslan et al., 2017). Safety factors
depend on the selected target reliability index (3, which is established in terms of the accepta-
ble probability of failure varying with the considered loading condition, type of failure mode
and material (Arslan et al., 2016). According to Du and Au (2005), the reliability indexes ba-
sed on the requirements of the strength limit state for bridge girders are 3.9-4.4, 5.2-5.3 and
3.4-3.5 according to AASHTO (1998), the Chinese Code (1991) and the Hong Kong Code (2002),
respectively. Nowak et al. (2001) compared the reliability levels of prestressed concrete girders
designed using Spanish Code (1998), Eurocode ENV 1991-3 (1994), and AASHTO (1998), and
indicated that the reliability indexes varied considerably for the three codes. The reliability
indexes for bridge girders were 7.0-8.0, 5.1-6.8 and 4.5-4.9 according to Eurocode ENV 1991-3
(1994), the Spanish Code (1998) and AASHTO (1998), respectively. In this study, the change in
the strength reduction factor considered in predicting the flexural strength of tension-controlled
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sections according to ACI 318 (2014) is investigated and compared for different reliability indexes
and coefficients of variation of the flexural strength parameters.

2. Design of RC beams for flexure

According to ACI 318 (2014), the nominal flexural strength M,, of a beam section is computed
from internal forces at the ultimate strain profile when the extreme compressive fiber strain is
equal to 0.003. Sections in flexure exhibit different modes of failure depending on the strain level
in the extreme tension reinforcement. According to Section 21.2 of ACI 318 (2014), these modes
are defined as tension-controlled sections, compression-controlled sections and a transition region
between the tension- and compression-controlled sections. Tension-controlled sections have the
net tensile strain in the extreme tension steel either equal to or greater than 0.005. Compression-
-controlled sections have the net tensile strain in the extreme tension reinforcement either equal
to or less than the compression-controlled strain limit when the concrete in compression reaches
the strain limit of 0.003. The compression-controlled strain limit is the net tensile strain in the
reinforcement at balanced strain conditions. Compression-controlled sections have strains equal
to or less than the yield strain, which is equal to 0.002 for Grade 420 reinforcement. There exists
a transition region between the tension- and compression-controlled sections.

The nominal flexural strength of a rectangular section with tension reinforcement is computed
from the internal force couple for tension failure by the yielding of the reinforcement. The nominal
flexural strength of the beams M,, can be calculated as

ALy
bfe

in which Ay is the area of the flexural reinforcement, f, is the yield strength of the reinforcement,
fc is the compressive strength of concrete, d and b are the effective depth and beam width,
respectively.

The governing equation given by ACI 318 (2014) states that the reduced (design)
strength ¢M,, must exceed the ultimate (factored) moment M,, and the safety criteria for
flexural design of the RC beams can be defined as

M, = Asfyd — 0.59 (2.1)

¢M,, > M, (2.2)

in which ¢ is the strength reduction factor for flexure. According to ACI 318 (2014), the ¢ for
an element depends on parameters such as the ductility and the importance of the element in
terms of the reliability of the entire structure. For tension-controlled sections, a ¢ of 0.90 is used.
Compression-controlled sections are defined as having strain limit at the nominal strength at or
below the yield strain of the reinforcement. For compression-controlled sections, the ¢ is either
0.65 or 0.75 depending on the nature of the lateral confinement reinforcement. For sections with
reinforcement strains between the aforementioned two limits, the strength reduction factor ¢
is determined by a linear interpolation between the value of ¢ for tension- and compression-
-controlled sections.

3. Reliability analysis

In reliability analysis, the main objective of engineering planning and design is to insure the
performance of an engineering system. Under conditions of uncertainty, the assurance of the per-
formance is possible with the use of safety factors. The reliability assessment requires knowledge
of the performance function to define the safety factors (Ang and Tang, 1984). The performance
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function, Z = ¢g(X1, Xa,...,X,), can be determined in terms of many random variables as load
components, resistance parameters, material properties. In this equation, X; are basic random
variables influencing the limit state. The failure surface can be defined as Z = 0. The safety or
reliability is defined by Z > 0, and the failure state is Z < 0. In the reliability based design,
the problem is to determine the partial safety factors of the variables according to the target
reliability index (. In this study, the first-order second moment approach (FOSM) is used and
the design points y;mx, corresponding to the target reliability index 3 are obtained. In the space
of reduced variates, 3 being a measure of reliability is defined as the shortest distance from the
failure surface to the origin.

The limit state function can be defined with Eq. (3.1) by multiplying the safety factor ~;
with each of the basic design variables

glmmx,,yamx,,...,vimx,) =0 i=1,2,...,n (3.1)

x}(= vimx,) is the most probable failure point on the failure surface, and the determination

2
of x} requires an iterative solution. In the space of reduced variates, the most probable failure

point is x;* = —aj 3. The sensitivity coefficient ] is defined by

(3.2)

The partial safety factors required for the given 5 are defined as 7;(= z}/mx,). The original
variates are given by 7 = my, (1 — afVx,), in which my, and Vx, are the mean value and the
variance coefficient of the original variable X; with normal distribution, respectively. V, is the
ratio of standard deviation ox, to the mean value mx,. The partial safety factors are calculated

s (Nowak and Collins, 2000)

vi=1-0a;BVx, (3.3)

In this study, the distributions of random variables in the performance function are given
in Table 1. In lognormal and extreme type | distributions mx, and ox, are replaced by the
equivalent normal mean m& X, and standard deviation O'X In addition, it is also assumed that
the random variables are statistically independent.

3.1. Establishment of performance function

According to ACI 318 (2014), the strength reduction factor for flexure ranges from 0.70
to 0.90 depending on the nature of the lateral confinement reinforcement and the strain level in
the extreme tension reinforcement. The reduction factors for RC beams have been investigated
by considering the reliability indexes [ (5.2, 4.75, 4.27, 3.72, 3.5, 3.09 and 2.33) corresponding
to various failure probabilities pr (1077, 1076, 107>, 1074, 2.33 - 1074, 1073 and 1072). The
performance function used in the calculations is given by

9(X) =11 M, — 2 M, (3.4)
in which M, is the ultimate (factored) moment at the RC beam section that can be taken as

the test result and M,, is the nominal flexural strength of the beam defined in ACI 318 (2014).
~v1 and 9 are the strength reduction factors for the corresponding variables.
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3.2. Coefficients of variation of design parameters

The ultimate (factored) and nominal flexural strength of the beams obtained through expe-
riments and equation have been modeled as random variables to perform a probability-based
analysis. In modeling of those parameters as random variables, the values of coefficients of va-
riations have been determined based on the studies available in the literature and codes. They
are summarized in Table 1. In the literature review (Table 1), it has been observed that the
coefficient of variation of the concrete compressive strength V;, varies between 0.10 and 0.21,
depending on the construction quality (Arslan et al., 2015). By taking advantage of studies in
the literature and codes, it is assumed that Vy, is 0.05, 0.10 and 0.15, respectively, in this study.

Table 1. Coefficients of variation of the variables

Cases Coeflicients of variation
Sy | fe | A | b | d [ M
Case 1 0.05
Case 2 0.03 0.10
Case 3 0.15
Case 4 0.05
Case 5 0.05 0.10
Case 6 0.15
Cone ™ 0.0% 0.04 0.03 0.03 0.04
Case 8 0.07 0.10
Case 9 0.15
Case 10 0.05
Case 11 0.10 0.10
Case 12 0.15
Distribution Log- Log- Normal | Normal | Normal Extreme
type -normal | -normal type 1

The coefficient of variation of the reinforcement yield strength Vy has also been reported
by many researchers, and Vy, ranges from 0.05 to 0.15 (Arslan et al., 2016). V;, was taken as
0.03 by Nowak et al. (2005), 0.05 by JCSS (2000), 0.06 by Soares et al. (2002), 0.07 by Akiyama
et al. (2012), 0.08 by Val et al. (1997), Hosseinnezhad et al. (2000) and Low and Hao (2001),
0.08-0.11 by Ostlund (1991), 0.12 by Enright and Frangopol (1998), 0.15 by Mirza (1996). In
the present study, model variations of f, are taken as 0.03, 0.05, 0.07 and 0.10, respectively.

The coefficients of variation of the effective depth Vy, width V} and tensile reinforcement
area V4, of beams have also been reported by many researchers. V; was taken as 0.02 by Lu
et al. (1994), 0.03 by Wieghaus and Atadero (2011), 0.04 by Nowak and Szerszen (2003) and
Szerszen et al. (2005). V3, was taken as 0.04 by Nowak and Szerszen (2003) and Szerszen et al.
(2005). It is assumed that the Vj, V3, and V4, are 0.03, 0.03 and 0.04, respectively, in this study.

To carry out the reliability analysis of RC beam specimens, a meaningful probability di-
stribution for the nominal flexural strength parameters and ultimate flexural strength is also
necessary. In the present study, randomness of the applied load is described using Extreme ty-
pe I distribution. In the studies by Hognestad (1951) and Mirza (1996), it was assumed that
the coefficient of variation of strength due to test procedure was 0.04, which is the value used
in this study.

3.3. Properties of beams

In the determination of the flexural strength reduction factors, 84 beams with flexural failure
collected from 3 different researches (Johnson and Cox, 1939; Ashour, 2000; Pam et al., 2001)
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have been evaluated. The number of beams produced from normal-strength concrete (NSC) and
high-strength concrete (HSC) with f. > 55 MPa are 52 and 32, respectively. The beams have a
broad range of design parameters: 22.0 < f. < 48.6 MPa, 0.17 < p < 2.37 %, 200 < b < 305 mm
and 215 < d < 305mm for NSC beams and 57.1 < f. < 107.1 MPa, 1.03 < p < 4.04%,
120 < b < 200 mm and 208 < d < 260 mm for HSC beams.

4. Investigating the strength reduction

The ACI 318 code imposes a ¢ factor of 0.65 when the strain in the tension reinforcement equals
0.002 for Grade 420 reinforcement. The ¢ increases linearly to the maximum value of 0.90 as
the tension strain increases from 0.002 to 0.005. A tension-controlled section is defined as a
cross section in which the tensile strain in the extreme tension reinforcement at the nominal
strength is greater than or equal to 0.005. Tension-controlled sections are desirable for their
ductile behavior, which allows redistribution of the stresses and sufficient warning against an
imminent failure. It is always a good practice to design RC elements to behave in a ductile
manner, whenever possible. For tension-controlled sections, a ¢ factor of 0.9 has been used.

In the design of RC beams, to apply a higher resistance factor ¢ of 0.9, the member should
exhibit desirable behavior. In this study, ¢ factors of the ACI 318 code are investigated for
tension-controlled beam sections. For different Vy, and Vy , the value of ¢ corresponding to 3
(2.33, 3.09, 3.50, 3.72, 4.27, 4.75 and 5.20) and different V}, and V}, are summarized for NSC,
HSC and all beams (NSC and HSC) in Table 2. For a given 3 and different Vy, and V} , the
value of ¢ for HSC beams is found to be smaller than the one for NSC beams, so it can be
inferred that ¢ for NSC beams is more safe than that for HSC beams.

Saatcioglu (2014) indicated that the ACI 318 (2005) adopted strength reduction factors that
were compatible with ASCET7-02 (2002) load combinations, except for the tension controlled
section for which the ¢ was increased from 0.80 to 0.90.

In this study, it is founded that 0.80 value of ¢ corresponds to the target values of 5 = 3.5,
Vj, = 0.05 and Vy, = 0.10 in all analyzed beams. In ACT 318 (2014), ¢ considered in predicting
flexural strength of beams is updated as 0.90, which corresponds to the target values of 3 = 3.5,
Vi, = 0.05 and Vy, = 0.05, in all analyzed beams. It is observed that this value is conservative
for 3 in the range from 2.33 to 5.20 for V; = 0.05 and Vj, < 0.15 in NSC beams, and it can
also be noted that it is conservative for 3 in the range from 2.33 to 5.20 for V; = 0.03 and
V. < 0.15 in HSC beams.

The values of ¢ obtained from the analyses which have been performed by considering diffe-
rent Vy, (0.05, 0.10 and 0.15), V}, (0.03, 0.05, 0.07 and 0.10) and 8 (5.2, 4.75, 4.27, 3.72, 3.50,
3.09 and 2.33) values of the beam sections are shown in Fig. 1.
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Fig. 1. Effect of variation in the 8 on ¢; (a) NSC, (b) HSC
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Table 2. Average

¢ for different values of COV and /3 values

Beams Coefficients of 15}
variation 233 | 3.09 | 350 | 3.72 | 4.27 | 475 | 5.20
Vi, =0.05 | 0.934 | 0.929 | 0.927 | 0.926 | 0.925 | 0.925 | 0.924
Vi, =0.03 | V;, =0.10 | 0.932 | 0.927 | 0.926 | 0.925 | 0.924 | 0.923 | 0.923
Vs, =0.15 [ 0.930 | 0.925 [ 0.923 | 0.922 | 0.921 | 0.921 | 0.920
Vs, =0.05 [ 0.911 | 0.903 | 0.901 | 0.900 | 0.899 | 0.898 | 0.897
Vi, =0.05 | V;, =0.10 | 0.910 | 0.902 | 0.900 | 0.899 | 0.898 | 0.897 | 0.896
NSC Vs, =0.15 | 0.908 | 0.900 | 0.898 | 0.897 | 0.895 | 0.894 | 0.894
Vy, =0.05 | 0.880 | 0.869 | 0.866 | 0.865 | 0.862 | 0.861 | 0.860
Vi, =0.07 | Vs, =0.10 | 0.880 | 0.868 | 0.865 | 0.864 | 0.862 | 0.860 | 0.859
Vs, =0.15 | 0.878 | 0.867 | 0.863 | 0.862 | 0.860 | 0.859 | 0.858
Vy, =0.05 [ 0.828 | 0.808 | 0.803 | 0.801 | 0.797 | 0.795 | 0.794
Vi, =0.10 | V;, =0.10 | 0.827 | 0.807 | 0.802 | 0.800 | 0.797 | 0.795 | 0.793
Vs, =0.15 [ 0.826 | 0.806 | 0.801 | 0.799 | 0.796 | 0.794 | 0.792
Vy, =0.05 | 0.921 | 0.913 | 0.911 | 0.910 | 0.909 | 0.908 | 0.907
Vi, =0.03 | V;, =0.10 | 0.920 | 0.912 | 0.910 | 0.909 | 0.907 | 0.906 | 0.906
Vi, =0.15 [ 0.917 | 0.909 | 0.907 | 0.906 | 0.904 | 0.903 | 0.902
Vy, =0.05 | 0.896 | 0.885 | 0.881 | 0.880 | 0.878 | 0.877 | 0.876
Vi, =0.05 | V;, =0.10 | 0.895 | 0.883 | 0.880 | 0.879 | 0.877 | 0.875 | 0.874
HSC Vs, =0.15 | 0.893 | 0.881 | 0.878 | 0.877 | 0.874 | 0.873 | 0.872
Vi, =0.05 | 0.864 | 0.847 | 0.842 | 0.840 | 0.837 | 0.835 | 0.834
Vi, =0.07 | V;, =0.10 | 0.863 | 0.846 | 0.841 | 0.839 | 0.836 | 0.834 | 0.833
Vi, =0.15 [ 0.862 | 0.844 [ 0.839 | 0.837 | 0.834 | 0.832 | 0.831
V., =0.05]0.812 | 0.782 | 0.773 | 0.770 | 0.764 | 0.762 | 0.760
Vi, =0.10 | V;, =0.10 | 0.811 | 0.781 | 0.772 | 0.769 | 0.764 | 0.761 | 0.759
Vs, =0.15 ] 0.810 | 0.780 | 0.771 | 0.768 | 0.763 | 0.760 | 0.758
Vy, =0.05]0.929 | 0.923 | 0.921 | 0.920 | 0.919 | 0.918 | 0.918
Vi, =0.03 | V;, =0.10 | 0.928 | 0.921 | 0.920 | 0.919 [ 0.918 | 0.917 | 0.916
V., =0.15]0.925 | 0.919 | 0.917 | 0.916 | 0.915 | 0.914 | 0.913
Vy, =0.05 [ 0.905 | 0.896 | 0.894 | 0.893 | 0.891 | 0.890 | 0.889
Nse | Ve =0.05 | Vg, =0.10 | 0.904 | 0.895 | 0.892 | 0.891 | 0.890 | 0.889 | 0.888
Vi, =0.15 [ 0.902 | 0.893 | 0.890 | 0.889 | 0.887 | 0.886 | 0.885
HE c Vs, =0.05 | 0.874 | 0.860 | 0.857 | 0.855 | 0.853 | 0.851 | 0.850
Vi, =0.07 | V;, =0.10 | 0.873 | 0.860 | 0.856 | 0.854 | 0.852 | 0.850 | 0.849
Vs, =0.15 [ 0.872 | 0.858 | 0.854 | 0.853 | 0.850 | 0.849 | 0.848
Vy, =0.05 ] 0.822 | 0.798 | 0.791 | 0.789 | 0.785 | 0.782 | 0.781
Vi, =0.10 | V;, =0.10 [ 0.821 | 0.797 | 0.791 | 0.788 | 0.784 | 0.782 | 0.780
Vi, =0.15 | 0.820 | 0.796 | 0.790 | 0.787 | 0.783 | 0.781 | 0.779

It is seen that ¢ decreases with an increase in the value of Vy . The rate of increasing in the
value of ¢ for low values of [ is higher than that for high values of 5. When (3 becomes higher,
the variation of ¢ versus § almost becomes a smooth curve for NSC and HSC beams. For given
V;, and 3, ¢ for HSC beams are found to be smaller than the one for NSC beams, so it can be
inferred that ¢ for NSC beams is more safe than that for HSC beams. For the same Vy Vy, Vg,
V4, and (3 values, it can also be said that ¢ values for NSC, HSC and all beams (NSC and HSC)
are very close to each other for different V7, .

For some experimental beams, the effects of variations of the tensile strain in the tension
reinforcement &5, the compressive strength of concrete f., the ratio of tensile strain to yield
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strain in the tension reinforcementeg/e,, the ratio of percentage of tension reinforcement to
the percentage of balanced reinforcement p/pyp, the ratio of neutral axis depth to the effective
depth x/d, and effective depth of the beam d on the ¢ are plotted in Fig. 2 for § = 3.5, V};, = 0.05,

Vj, = 0.05, V3 = 0.03, Vz = 0.03 and V4, = 0.04.
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Fig. 2. Effect of variation in ey, fe, €s/ey, p/pp, v/d and d on ¢

The relationship of ¢ and e, at the nominal strength for the analyzed beams is shown in
Fig. 2a. According to ACI 318, if the reinforcement strain at the nominal strength is greater than
0.005, ¢ equals to 0.90 for the desirable behavior of beam sections. 20% of the tests (4 for NSC
and 12 for HSC of 84 tests) delivered relatively low 4 values €5, < 0.005, where the corresponding
strength reduction factors are mostly less than 0.90 for 8 = 3.5, Vy, = 0.05 and V;, = 0.05. It
is observed that the ¢ factor increases with 5 for NSC and HSC beams. Based on the results
of analyses, ACI 318 provisions are non-conservative for 5, < 0.02. The ¢ factor for the existing
test data yields a large scatter in the results, especially for beams with ¢, < 0.02.

Figure 2b shows the ¢-f. for the analyzed beams. Based on the studies of the stress-strain
behavior of NSC and HSC, it is shown that concrete becomes increasingly more brittle as its
compressive strength is increased. Despite HSC being a more brittle material compared with
NSC, the z/d values of HSC sections are smaller than tkose of the NSC sections for a given p.
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Hence, HSC flexural members exhibit greater ductility owing to lower neutral axis depths (Arslan
and Cihanli, 2010). Based on the results of analyses, ACI 318 provisions are non-conservative for
HSC flexural beams. The ¢ factor for the existing test data yields a large scatter in the results,
especially for HSC beams with f. > 75 MPa.

The ¢-¢5 /e, for the analyzed beams are shown in Fig. 2c. According to ACI 318, if ¢, is at
least 2.5 times the yield strain (e, = 0.002 = f,/FE), then the maximum value of ¢ = 0.90 can
be used. 32% of the tests (10 for NSC and 17 for HSC of 84 tests) delivered relatively low £4/¢,
values (e5/e, < 5), where the corresponding strength reduction factors are mostly less than 0.90
for 3 =3.5, Vy, = 0.05 and Vy, = 0.05. It is observed that the ¢ factor increases with /e, for
the beams. The ¢ factor for the existing test data yields a large scatter in the results, especially
for HSC beams with /e, < 5.

The effect of p/py, on ¢ is illustrated in Fig. 2d. The ACI 318 (1999) and previous codes
limit the tension reinforcement ratio p to no more than 75% of the ratio (0.75p;) that would
produce balanced strain conditions. The ACI 318 (2002) limits the net tensile strain e; of the
extreme tension steel at the nominal strength to be not less than 0.004. Meanwhile, when the net
tensile strain in the extreme tension steel is sufficiently large (equal to or greater than 0.005), the
section is defined as tension-controlled where ample warning of failure with excessive deflection
and cracking may be expected. The effect of this limitation is to restrict p in RC beams to about
the same ratio as in editions of the code prior to 2002. 69% of the tests (26 for NSC and 32 for
HSC of 84 tests) delivered relatively high p/py values (p/py > 0.25), where the corresponding
strength reduction factors are mostly less than 0.90 for 3 = 3.5, V, = 0.05 and V;, = 0.05. The
results of the ¢ factor of beams with p/p, < 0.25 are limited for all the beams (6 for NSC of
84 tests).

Figure 2e shows the ¢-z/d for the analyzed beams. The design codes BS8110, EC 2 and
GBJ 11 limit the neutral axis depth x to no more than a certain fraction of the effective depth d.
It can be noted that in the design of beams, using the simplified stress block BS 8110 (1997)
limits x to 0.5d for all concrete with f., < 100 MPa to ensure that the section is under-reinforced
and the strain in the longitudinal reinforcement is not less than 0.0035. EC 2-1 (1992) limits
the x to no more than 0.45d when f., < 50 MPa or 0.35d when f., > 50 MPa. GBJ 11 (1989)
requires x to be smaller than 0.35d for all concrete grades. The values of ¢ decrease significantly
as x/d increases from 0.2 to 0.5. The corresponding ¢ of HSC beams are smaller than 0.90 for
g = 3.5, Vy, =005 Vy =0.05 V, =0.03, Vg = 0.03 and V4, = 0.04. Based on the results
of analyses, the ¢ factor for x/d > 0.30 is non-conservative for 22 flexural beams (5 for NSC
and 17 for HSC of 84 tests). The ¢ factor for the existing test data yields a large scatter in the
results, especially for z/d > 0.20.

The ¢-d for the analyzed beams are shown in Fig. 2f. 6% of the NSC beam tests (3 of 52
tests) have been conducted for d < 250 mm and only 9% of the HSC beam tests (3 of 32 tests)
have been conducted for d > 250 mm. The ¢ factor for the existing test data yields a large
scatter in the results, especially for HSC beams with d < 250 mm.

5. Conclusion

The change in the strength reduction factor for flexure according to the ACI 318 is investigated
for different coefficients of variation and 3 values. The following conclusions can be drawn from
the results of this study.

e It is found that ¢ of 0.90, which is a value recommended by the ACI 318 (2002) and
ACI 318 (2011), corresponds to the target values of 3 = 3.5, Vy, = 0.03 and V}, = 0.05 in
all analyzed beams. It is observed that this value is conservative for § in the range from
2.33 t0 5.20 for Vy, = 0.05 and V, < 0.15 in NSC beams, and it can also be noted that it
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is conservative for 3 in the range from 2.33 to 5.20 for Vy, = 0.03 and V, < 0.15 in HSC
beams.

For the given 8 = 3.5, Vy, = 0.05, Vy, = 0.05, V;, = 0.03, V4 = 0.03 and V4, = 0.04,
¢ for the HSC beams are found to be smaller than those for the NSC beams, so it can be
inferred that ¢ for the HSC beams is more non-conservative than that for the NSC beams.
According to ACI 318, if ¢, is at least 2.5 times the yield strain (e, = 0.002 = f,/E),
then the maximum value of ¢ = 0.90 can be used. 32% of the tests (10 for NSC and 17 for
HSC of 84 tests) delivered relatively low €,/¢, values (¢,/e, < 5), where the corresponding
strength reduction factors are mostly less than 0.90 for 3 = 3.5, Vy = 0.05 and V, = 0.05.
It is observed that the ¢ factor increases with €4/, for beams. The ¢ factor for the existing
test data yields a large scatter in the results, especially for HSC beams with e,/g, < 5.
The values of ¢ decrease significantly as z/d increases from 0.2 to 0.5. The corresponding ¢
of HSC beams are smaller than 0.90 for 8 = 3.5, Vy = 0.05, V; = 0.05, V;, = 0.03,
Vg =0.03 and V4, = 0.04. Based on the results of analyses, the ¢ factor for z/d > 0.30 is
non-conservative for 22 flexural beams (5 for NSC and 17 for HSC of 84 tests). The ¢ factor
for the existing test data yields a large scatter in the results, especially for z/d > 0.20.

In order to make a more reliable evaluation, the determination of the reduction factor for fle-
xural strength of RC beams for a greater number of beams with different material and geometric
properties should be realized.
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